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Thermosensation is an essential sensory func-
tion that is subserved by a variety of transducer
molecules, including those from the Transient
Receptor Potential (TRP) ion channel superfam-
ily. One of its members, TRPM8 (CMR1), a
ligand-gated, nonselective cation channel, is
activated by both cold and chemical stimuli
in vitro. However, its roles in cold thermosensa-
tion and pain in vivo have not been fully eluci-
dated. Here, we show that sensory neurons de-
rived from TRPM8 null mice lack detectable
levels of TRPM8 mRNA and protein and that
the number of these neurons responding to
cold (18C) and menthol (100 mM) is greatly de-
creased. Furthermore, compared with WT mice,
TRPM8 null mice display deficiencies in certain
behaviors, including icilin-induced jumping and
cold sensation, as well as a significant reduc-
tion in injury-induced responsiveness to ace-
tone cooling. These results suggest that
TRPM8 may play an important role in certain
types of cold-induced pain in humans.
INTRODUCTION
Both heat and cold evoke thermosensation, which, if of
sufficient intensity, may elicit feelings of pain. Tempera-
ture detection inmammals is a critical function in themain-
tenance of thermal homeostasis and protection from po-
tentially injurious temperature extremes. Six members
from the Transient Receptor Potential (TRP) ion channel
family have been proposed to serve as thermal sensors
to temperatures ranging from noxious heat to noxious
cold (Wang and Woolf, 2005) and thus are referred to as
thermo-TRPs. Among them, TRPV1 (VR1) and TRPV2
(VRL-1) respond to noxious heat, whereas TRPM8 (a.k.a.
cold-menthol receptor 1 or CMR1) and TRPA1 (ANKTM1)
are activated by normally innocuous cooling and noxious
cold, respectively (Wang and Woolf, 2005). The thermo-
TRPs are also sensitive to chemical stimuli, such as cap-saicin and mustard oil, that are known to produce a burn-
ing sensation through their ability to activate TRPV1 and
TRPA1, respectively (Bandell et al., 2004; Caterina et al.,
1997). Importantly, all of the thermo-TRPs are expressed
in nociceptive sensory neurons, either Ad- or C-fibers,
wherein thermo-, mechano- and chemosensory transduc-
tion take place (Wang and Woolf, 2005). The fundamental
roles of thermo-TRPs in thermosensation and nociceptive
signaling are further established by knockout studies. For
example, mice lacking TRPV1 display deficiencies in re-
sponse to noxious heat and in the development of heat
hyperalgesia (Caterina et al., 2000). However, our under-
standing of the molecular basis of cold sensation is less
advanced.
A number of studies with cultured dorsal root ganglion
(DRG) and trigeminal ganglion (TG) neurons have demon-
strated the existence of two types of cold-sensitive neu-
rons based on their temperature threshold (innocuous
cooling or noxious cold). Most of the neurons that respond
to innocuous cooling are also menthol sensitive (Babes
et al., 2004; Thut et al., 2003). Molecular studies have re-
vealed that TRPM8 and TRPA1 are activated by normally
innocuous cooling or noxious cold, respectively (McKemy
et al., 2002; Peier et al., 2002; Story et al., 2003). Deletion
of TRPA1 gene further suggests the functional importance
of the TRPA1 protein in the perception of noxious cold
(Kwan et al., 2006) and a clear involvement in chemical
nociceptive signaling (Bautista et al., 2006; Kwan et al.,
2006). Meanwhile, studies on heterologously expressed
TRPM8 have demonstrated that it can be activated by
cold, with temperature thresholds between 22C–27C,
and by exogenous chemical agonists, such as menthol
or icilin (McKemy et al., 2002; Peier et al., 2002). Because
of its expression in small-diameter primary sensory neu-
rons and its ability to be activated by cold and menthol,
TRPM8 has been suggested to be amolecular cold sensor
(McKemy et al., 2002; Peier et al., 2002). However, it is un-
knownwhether TRPM8mediates cold sensation in vivo. In
addition, TRPM8 has been proposed as a primary media-
tor of cold hypersensitivity. Analogous to TRPV1 and
TRPA1, activation of TRPM8 by menthol or icilin is modu-
lated by certain inflammatory mediators, such as protons,
phospholipids, and bradykinin (Andersson et al., 2004;
Premkumar et al., 2005; Rohacs et al., 2005). While the
application of relatively low doses of menthol or icilin
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tion of TRPM8 Knockout Mice
(A) Strategy for disrupting the TRPM8 gene via
homologous recombination. (Top) TRPM8
gene structure. (Bottom) The targeting vector.
(B) PCR analysis of tail genomic DNA; (C) north-
ern blot analysis of TRPM8 mRNA in trigeminal
ganglia; (D) western blot analysis of TRPM8
protein in trigeminal ganglia. (E) Average nor-
malized densities of the TRPM8 immunoreac-
tive band from five western blots (normalized
against TRPM8+/+ WT mice). (F) Immunohisto-
chemical staining of dorsal root ganglion
(DRG), trigeminal ganglion (TG), and tongue
from TRPM8+/+ and TRPM8/ mice, using
a TRPM8-specific polyclonal antibody. +/+,
WT; +/, TRPM8 heterozygous; /, TRPM8
homozygous (null). Magnification, 403.is associated with a cooling sensation and even pain
relief, at higher doses, menthol causes burning, irritation,
and pain (Namer et al., 2005; Proudfoot et al., 2006; Was-
ner et al., 2004; Wei and Seid, 1983). Again, however,
whether TRPM8 is the sole mediator of such painful sen-
sations and is involved in the development and mainte-
nance of various cold hypersensitivity states remains to
be determined.
RESULTS AND DISCUSSION
To explore the in vivo roles of TRPM8, mice lacking
TRPM8 were generated by homologous recombination.
In these knockout mice, the TRPM8 gene was disrupted
by replacing exons 1 and 2 and encoding the amino termi-
nal 64 residues and part of the 50 untranslated region with
a LacZ/neomycin resistance gene cassette, as illustrated
in Figure 1A. The germline male chimeric mice were
crossedwith C57BL/6J femalemice to generate heterozy-
gous mice, which were intercrossed to generate WT, het-
erozygous, and homozygous offspring, as confirmed by
PCR analysis (Figure 1B). F2 TRPM8/ mice survived,
were fertile, and exhibited normal lifespan and general be-
haviors. Both mRNA and protein of TRPM8 in TG neurons
of TRPM8/ homozygous mice were undetectable by
northern and western blot analyses (Figures 1C–1E), re-
spectively. Interestingly, the TRPM8 protein level in
TRPM8+/ TG neurons was reduced by about 50%
compared with that in TRPM8+/+ TG neurons (Figures 1D380 Neuron 54, 379–386, May 3, 2007 ª2007 Elsevier Inc.and 1E), while its mRNA level in TRPM8+/ TG neurons
was virtually unchanged compared with the level in TG
neurons of TRPM8+/+ mice (Figure 1C). The mRNA levels
of certain other thermo-TRPs and voltage-gated calcium
and sodium channels in TG neurons of TRPM8/ mice
were unaltered compared with those in neurons of
TRPPM8+/+ mice (see Figure S1 in the Supplemental
Data), suggesting that there was no apparent compensa-
tory change in the expression of these genetically and
functionally related genes. Specific TRPM8 immunoreac-
tivity was observed in DRG, TG, and tongue from
TRPM8+/+ mice, but not in matched tissues from
TRPM8/ mice (Figure 1F).
To evaluate the functional consequences of TRPM8
gene disruption, we compared responses of cultured
TG neurons from WT and TRPM8/ mice to cooling
(18C) or menthol (100 mM), using fluorometric calcium
imaging (Figure 2). Disruption of TRPM8 expression
drastically decreased the number of menthol-sensitive
(by 77%) and cold-sensitive (by 40%) TG neurons in
culture (Figure 2D), consistent with the functional and
pharmacological properties of heterologously expressed
TRPM8 in vitro. In contrast, the fraction of neurons
sensitive to capsaicin was similar for both genotypes
(38% and 44% for TRPM8+/+ and TRPM8/ neurons,
respectively). These data indicate that TRPM8 is
necessary for the detection of chemical and thermal
cooling stimuli in some, but not all, sensory neurons,
strongly suggesting that cold-responsive neurons are
Neuron
Cold and Pain Sensation in TRPM8 Null MiceFigure 2. Functional Sensitivities of TRPM8 Null TG Neurons to Cooling and Menthol
(A) Representative images from a calcium imaging experiment with neurons from TRPM8+/+ (upper row) and TRPM8/ (lower row) mice, respec-
tively. Neurons were loaded with Fura-2 and imaged by fluorescence microscopy. A subset of TRPM8+/+, but not TRPM8/, neurons in these
experiments responded to cooling (18C) and menthol (100 mM). A subset of neurons from both genotypes responded to capsaicin (1 mM).
Arrows indicate neurons that responded to these stimuli. Scale bar, 30 mm. (B and C) Time-dependent changes in fluorescence ratio
(340/380 nm) from representative TRPM8+/+ (B) and TRPM8/ (C) neurons in response to sequential cooling, menthol (100 mM), and capsaicin
(1 mM). The temperature was clamped at 28C before cooling and 22C after cooling. (D) Percentage of WT (+/+; open bar) and TRPM8 null (/;
solid bar) neurons that responded to the stimuli in (A). The numbers of responsive and total neurons (pooled from all experiments for each
genotype) are indicated.functionally and molecularly heterogeneous (Munns
et al., 2007).
Icilin is a potent TRPM8 agonist in vitro (McKemy et al.,
2002) and in vivo produces cooling sensations, wet-dog
shakes (WDS), and jumping (escape) behaviors (Wei and
Seid, 1983). These behaviors are thought to be initiated
by icilin acting upon TRPM8 in the periphery, with subse-
quent secondary effects being mediated centrally (Wei
and Seid, 1983; Werkheiser et al., 2006). To assess
whether these behavioral effects of icilin are dependent
upon TRPM8, mice from each TRPM8 genotype were
administered icilin, and spontaneous jumping was
monitored. Icilin injection (60 mg/kg, i.p.) caused a robust
jumping response in TRPM8+/+ mice, peaking at 4–5 min,
with 7.7 jumps per minute after administration and a total
of 29.4 ± 7.4 jumps over the entire 10 min test period
(Figure 3A). However, TRPM8/mice showed a complete
absence of icilin-induced jumping, while TRPM8+/ mice
exhibited intermediate levels of this behavior, peaking at
3–4 min, with 4.0 jumps per minute after administration
and a total of 17.6 ± 6.0 jumps over the entire 10 min
test period. These results strongly implicate TRPM8 as
the mediator of WDS/jumping behaviors in response
to icilin.To ascertain whether TRPM8 deletion alone would
modify the aversion to a cold stimulus, mice were placed
into a ‘‘thermal preference’’ chamber, wherein test sub-
jects had equal access to two separate thermally con-
trolled floor surfaces (Figures 3D–3G). When both plate
surfaces were held at room temperature (RT; 21C),
mice of all genotypes spent approximately equal time on
both plates (Figure 3D). However, when the temperature
of one plate was reduced to 5C, a distinct preference
for the RT plate was displayed by both the TRPM8+/+
and TRPM8+/mice, while the TRPM8/mice continued
to spend approximately equal amounts of time on both
plates (Figure 3E). A very similar pattern was observed
when the cool plate was set at a relatively mild 15C (Fig-
ure 3F). When the plates were held at 5C and 45C,
TRPM8+/+ and TRPM8+/ mice showed a marked prefer-
ence for warm over cold (Figure 3F). Remarkably, these
mice spent a majority of the time on the mildly noxious
45C plate, although they also increased the proportion
of time spent balancing awkwardly on the plate separator.
In contrast, the TRPM8/ mice exhibited a similarly
robust preference for the 5C plate over the 45C plate
by spending almost twice as much time on the 5C plate
as on the 45C plate.Neuron 54, 379–386, May 3, 2007 ª2007 Elsevier Inc. 381
Neuron
Cold and Pain Sensation in TRPM8 Null MiceFigure 3. Icilin-Induced and Acute Nociceptive Behaviors
(A) Jumping behavior in TRPM8 mice over a 10 min observation period following icilin administration (60 mg/kg, i.p.). TRPM8+/+, n = 9, circles;
TRPM8+/, n = 5, diamonds; TRPM8/, n = 7, squares. Jumps per minute, Bonferroni post hoc test, ***p < 0.001 for TRPM8+/+ versus TRPM8/;
*p < 0.05 for TRPM8+/+ versus TRPM8+/; two-way ANOVA for genotype p < 0.0001, F = 18.45, df = 2; cumulative jumps over 10 min period (graph
not shown), Dunnett’sMultiple ComparisonsTest, **p < 0.01 for TRPM8+/+ versus TRPM8/; one-wayANOVA for genotype p = 0.0038, F = 7.57, df = 2.
(B) Cold plate (0C) response latencies of C57BL/6 and TRPM8 mice. C57BL/6, n = 9, black bars; TRPM8+/+, n = 9, gray bars; TRPM8/, n = 10, red
bars. Bonferroni post hoc test, ***p < 0.001 for TRPM8/ versus TRPM8+/+ and C57BL/6 at 0C. One-way ANOVA for genotype p < 0.0001, F =19.93,
df = 2. (C) Hot plate response latencies at 48C, 50C, and 52C; TRPM8+/+, n = 14, gray bars; TRPM8+/, n = 12, blue bars; TRPM8/, n = 13, red
bars. (D–F): Thermal preference testing, n = 8–25mice/genotype; both plates set at room temperature (D; RT = 21C); left plate set at RT, right plate set
at 5C (E); left plate set at 25C, right plate set at 15C (F); left plate set at 45C, right plate set at 5C (G). Bonferroni post hoc test, p < 0.001 for
TRPM8/ versus TRPM8+/+ and TRPM8+/ at 5C. Two-way ANOVA for genotype p < 0.0001, F = 70.04, df = 2.Although the temperature preference of TRPM8 null
mice can be readily interpreted as being due to a lack of
certain cold receptors in sensory neurons, it might also
be due to an unexpected alteration in the balance between
hot and cold nociception. Therefore, TRPM8/mice were
also evaluated for their sensitivity to noxious cold and hot
temperatures separately. Cold plate response latencies
were assessed at 0C in TRPM8/, TRPM8+/+, and
C57BL/6 mice. Mice devoid of TRPM8 exhibited in-
creased response latencies relative to TRPM8+/+ and
C57BL/6 mice, albeit still below the established 90 s cut-
off time (Figure 3B), suggesting the presence of other
functional cold receptors in these mice. However, hot
plate response latencies determined over a range
of stimulus temperatures were not different between ge-
notypes (Figure 3C), consistent with the observation that
the deletion of TRPM8 produced no observable compen-
satory differences in mRNA for other thermosensitive TRP
channels, particularly TRPV1 (Figure S1).382 Neuron 54, 379–386, May 3, 2007 ª2007 Elsevier Inc.To assess the importance of TRPM8 in the develop-
ment of neuropathic cold and mechanical allodynia,
mice of each TRPM8 genotype underwent chronic con-
striction injury (CCI) surgery to the sciatic nerve, followed
by determination of cold and tactile sensitivities over a 28
day, postligation time course. The cold sensitivity of CCI
mice was assessed by measuring responses to the appli-
cation of acetone (Choi et al., 1994). Prior to sciatic liga-
tion, acetone application to the plantar surface of the
hindpaw of TRPM8+/+ mice resulted in lifting of the paw
with brief (<5 s) licking or shaking of the paw, while
TRPM8/ mice exhibited virtually no response, rarely
licking or shaking the paw. Following CCI, a marked sen-
sitivity to acetone application was observed in the
TRPM8+/+ mice, with protracted licking and shaking of
the paw. This behavior, possibly a form of cold allodynia,
was sustained throughout the study time course
(Figure 4A). Conversely, TRPM8/ mice exhibited no
significant increase in acetone sensitivity at any time
Neuron
Cold and Pain Sensation in TRPM8 Null MiceFigure 4. Neuropathy/CCI- and Inflammation/CFA-Induced Behaviors
(A) Time course of cold sensitivity following CCI nerve ligation; (B and C) time course of cold sensitivity and thermal hyperalgesia following CFA
paw injection. (A) Acetone response score, where 0 = a rapid transient lifting, licking, or shaking of the hindpaw, which subsides immediately; 1 =
lifting, licking, and/or shaking of the hindpaw, which continues beyond the initial application, but subsides within 5 s; 2 = protracted, repeated
lifting, licking, and/or shaking of the hindpaw. TRPM8+/+, n = 6, circles; TRPM8+/, n = 6, diamonds; TRPM8/, n = 6, squares. Following
CCI, enhanced sensitivity to acetone cooling was observed in the TRPM8+/+ mice. One-way ANOVA p = 0.0005, F = 5.328, df = 6; baseline versus
D6, D9, and D21 were all p < 0.01, Dunnett’s Multiple Comparison Test. Over the time course significant differences were observed between
genotypes; Bonferroni post hoc test, ***p < 0.001 for TRPM8+/+ versus TRPM8/; **p < 0.05 for TRPM8+/+ versus TRPM8/; two-way ANOVA
for genotype p < 0.0001, F = 17.35, df = 2. (B) Acetone paw-licking duration. Averages (± SEM) are represented over the 7 day post-CFA time
course; TRPM8+/+, n = 9, gray circles; TRPM8/, n = 9, red squares; C57BL/6, n = 10, filled triangles; C57BL/6 (no CFA injection), n = 10,
open triangles. Two-way ANOVA for strain/genotype p < 0.0001, F = 53.72, df = 3. (C) Radiant heat response latencies. Averages (± SEM)
over 7 days following intraplantar CFA injection; TRPM8+/+, n = 9, gray circles; TRPM8/, n = 9, red squares; C57BL/6, n = 10, filled triangles;
C57BL/6 (no CFA injection), n = 10, open triangles.following ligation (Figure 4A), displaying only minimal
responses to acetone application, similar to unlesioned
animals tested over a 28 day time course (data not
shown). Heterozygous mice exhibited an intermediate
phenotype consistent with their TRPM8 protein level
(Figure 1E). Recently, Katsura et al. (2006) showed that
intrathecal TRPM8 anti-sense failed to alter 5C cold
plate foot lift responses following spinal nerve ligation in
rats. Notwithstanding differences in species and neurop-
athy model, it may be that the evaporative cooling used
here represents an inherently less noxious cold stimulus
(Figure S4), which allows TRPM8-mediated cold allody-
nia to predominate. Alternatively, it may be that the
25% reduction of TRPM8 DRG protein levels produced
by anti-sense treatment is inadequate to significantly
mitigate TRPM8-mediated cold responses, whereas
complete deletion of TRPM8 abolishes such responses.
Proudfoot et al. (2006) have shown that TRPM8 expres-
sion in sensory neurons is elevated in rats following
CCI lesion, and that these neurons may participate in
the analgesia produced by low-level cooling in CCI
neuropathic rats. Interestingly, the TRPM8/ mice in
our study still responded vigorously when placed on
the 0C cold plate (Figure 3), thus implicating another
cold-detecting receptor that is activated at noxious
cold temperature thresholds (Kwan et al., 2006; Smith
et al., 2004). Since recent studies on TRPA1 knockout
mice suggest that there can be gender differences in re-
sponse to temperature (Bautista et al., 2006; Kwan et al.,
2006), we tested both males and females for sensitivity to
acetone-evoked cooling over a 28 day time course
following CCI nerve injury. However, in this model, we
did not observe any significant gender differences for
any geneotype (Figure S3), although a slightly earlieronset of cooling-evoked hypersensitivity was seen in
the females.
Baseline (preligation) assessment of Von Frey tactile
sensitivity showed no inherent differences among different
TRPM8 genotypes of F2 mice. Following ligation, all
genotypes exhibited an increase in tactile sensitivity that
was largely sustained over the 4 week postlesion time
course and not significantly different between genotypes.
Interestingly, in a subsequent 28 day study using N8
backcrossed mice, a significant reduction in mechanical
allodynia in the TRPM8/ mice was found relative to
WT mice over the study time course. Differences in me-
chanical sensitivities between the germ cell and host
mouse strains used here have been reported previously,
with C57BL/6 mice being significantly less sensitive to de-
veloping nerve injury-induced tactile allodynia (though not
other nociceptive measures) compared with 129 mice
(Mogil et al., 1999). Moreover, the concern that decreased
mechanical allodynia might underlie the diminished re-
sponses of the TRPM8/ mice to acetone application
may be dismissed to the extent that we found no specific
within-subject correlation between tactile and cold hyper-
sensitivities.
The contribution of a number of TRPs to enhanced
neuronal excitability following an inflammatory insult is
well established (Voets et al., 2007). While the role of
TRPM8 in inflammation is less well understood, activa-
tion of TRPM8 by menthol or icilin is modulated by in-
flammation-mediated second messenger signals (Ander-
sson et al., 2004; Premkumar et al., 2005; Rohacs et al.,
2005). To assess whether TRPM8 is involved in the ther-
mal hypersensitivity that develops during subchronic in-
flammation produced by Complete Freund’s Adjuvant
(CFA), mice were assessed for changes in hindpawNeuron 54, 379–386, May 3, 2007 ª2007 Elsevier Inc. 383
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time course. No significant differences were seen be-
tween genotypes in the degree of thermal hyperalgesia
resulting from CFA injection (Figure 4C). However,
when separate groups of mice from the same genotypes
were challenged with plantar acetone application over
the same time course following CFA injection, TRPM8/
mice exhibited significantly reduced paw lift durations
relative to TRPM8+/+ and C57BL/6 mice (Figure 4B).
Direct measurement of paw temperatures showed a
warming of 3C, concurrent with CFA inflammation
(Figure S4C). Topical acetone application to the unin-
flamed paw caused a precipitous drop of 10C–12C in
plantar surface temperature within 40 s, which rewarmed
nearly completely by 5 min (Figure S4). Subcutaneous
paw temperatures, measured by needle thermoprobe,
showed a similar, albeit slightly dampened, pattern. Fol-
lowing CFA inflammation, the warm, swollen paw cooled
to a lesser degree (decrease of 8C) than the unin-
flamed paw. To the extent that acetone does not
produce greater cooling in CFA-injected compared with
uninflamed paws suggests that the enhanced respon-
siveness following CFA derives from a heightened sensi-
tivity to cooling. Furthermore, no clear differences were
seen between WT and TRPM8/ mice in CFA paw tem-
peratures despite the profound differences in their be-
havioral responses to topical acetone. Based on these
data, it appears that TRPM8 is involved in inflamma-
tion-induced sensitivity to cold, but not inflammatory
heat hyperalgesia.
The use of topical acetone-induced evaporative cool-
ing is commonly employed to assess cold allodynia in
rats following nerve injury (Choi et al., 1994; Decosterd
and Woolf, 2000). The use of acetone cooling in analo-
gous mouse models has also been undertaken with
success (Martinez-Caro and Laird, 2000; Walczak and
Beaulieu, 2006). Acetone responses are commonly
scored on a quantal scale (e.g., the 0–2 scale described
below) or timed for duration of paw licking. We have uti-
lized both methods, starting with the subjective scoring
(Figure 4A and Figure S3A) and moving to the more ob-
jective measurement of licking duration (Figure 4B and
Figure S3B). Both methods produce very comparable re-
sults in our hands. Several caveats surround the inter-
pretation of behavioral responses evoked by acetone,
namely, the influence of mechanical stimulation during
application, possible direct chemical effects of acetone
on skin, the effect of ambient temperature on the rate
of evaporation, and the prospect of olfactory cues ac-
companying application. Vissers and Meert (2005) have
provided one of the most comprehensive assessments
of the acetone cooling test and have shown that the
mechanical effect of cold water application is inadequate
to reproduce the acetone-evoked response in gerbils
following CCI nerve injury. From the current work, we
know that CCI- and CFA-enhanced acetone responses
are virtually absent in TRPM8 null mice. This is despite
the fact that all CCI mice exhibit tactile allodynia, i.e.,384 Neuron 54, 379–386, May 3, 2007 ª2007 Elsevier Inc.heightened mechanical sensitivity. Furthermore, the
measured cooling evoked by acetone in the CFA-in-
flamed paw (Figure S4) was shown to be below the
TRPM8 activation threshold. Together, these data
strongly support the involvement of TRPM8 in injury-
induced cold hypersensitivity.
Thermoregulation and the avoidance of prolonged or
evenverybrief extreme temperatures arecritical to our sur-
vival. There is now ample evidence to state that thermo-
TRPs are key detectors, even regulators, of thermal sensa-
tion and hypersensitivity, as well as thermal andmetabolic
homeostasis. In addition, TRPs, including TRPM8, have
been proposed to play roles in systems governing stress
and anxiety, and recent reports also suggest a role for
TRPM8 in bladder inflammation, GI function, pulmonary
vascular tone, and control of tumor growth (Voets et al.,
2007). In the current study both neuropathy and inflamma-
tion augmented behavioral responses to evaporative cool-
ing. The absence of this heightened sensitivity to acetone
cooling in TRPM8 null mice, an apparent lack of neuropa-
thy, or inflammation-induced cold allodynia provides
evidence of a role for TRPM8 in sensitizing the organism
to cold following injury and, in turn, advances the prospect
that therapeutic modulation of TRPM8 may provide
relief to patients who suffer from an inordinate sensitivity
to cold.
EXPERIMENTAL PROCEDURES
Generation of TRPM8 Knockout Mice
TRPM8-deficient mice were custom generated by Lexicon (Wood-
land, TX). Briefly, the target vector was constructed by replacing
a 2 kb TRPM8 genomic fragment covering exon 1-intron1-exon 2
with a LacZ/Neo selection cassette. The targeting construct was
transfected into 129/SvEvBrd (Lex-1) embryonic stem cells (ESCs).
G418/FIAU-resistant ESC target clones were isolated and confirmed
on both arms of homology. In addition, the clones were screened for
random target vector insertions by Neo Southern blot. The targeted
ESC clone was microinjected into C57BL/6 (albino) blastocysts to
generate chimerical animals, which were bred to C57BL/6 mice,
and the resulting heterozygous offspring were interbred to produce
homozygous TRPM8-deficient mice, as well as heterozygous and
WT mice, and used for behavioral studies. The F2 heterozygous
mice were further backcrossed to C57BL/6 for seven to eight gener-
ations and used to confirm F2 results in the following behavioral stud-
ies: icilin-induced jumping, temperature preference, and CCI allody-
nia studies. No substantive behavioral differences were observed
between nonbackcrossed and backcrossed animals in these tests
under the same experimental conditions unless specifically noted
in the Results and Discussion. All studies in mice were performed
using protocols approved by the Institutional Animal Care and Use
Committee.
PCR Analysis of Mouse Tail DNA
These were conducted according to standard protocols; see
Supplemental Material for details. Two sets of primers were designed
for genotyping. The first set of primers, KO1 (located at the end
of TRPM8 intron 1) and KO2 (located at the beginning of TRPM8
intron 2), was used to amplify a 280 bp PCR fragment from WT
mTRPM8 gene. The second set of primers, KO3 (located at the in-
serted LacZ/Neo genes) and KO2, was used to amplify a 600 bp
PCR fragment from the target disrupted mouse TRPM8 gene. The
Neuron
Cold and Pain Sensation in TRPM8 Null Miceprimer sequences are as follows: KO1, 50-AGGTTGCCATGACAATCT
TTGAAGGAGGGC-30; KO2, 50-ACCACCTCCAGGAGAGA ACTCGT
GGGCATC-30; and KO3, 50-CTCCCCTTCTACGAGCGGCTCGGCTTC
ACC-30.
Northern Blot, Western Blot, Quantitative RT-PCR,
and Immunohistochemistry
These were conducted according to standard protocols; see Supple-
mental Material for details.
Neuronal Cell Culture and Intracellular Calcium Imaging
TG neurons derived from adult WT and TRPM8/mice (1month old)
were dissociated and cultured for 2 days at 37C/5% CO2 before cal-
cium imaging studies. See Supplemental Material for details.
Icilin-Induced Jumping
Mice from each genotype were dosed with icilin (60 mg/kg i.p. in
PEG-400 or 300 mg/kg p.o., Tocris), placed individually in bell
jars, and monitored for spontaneous jumping behavior over 10 min
following injection. The data are expressed both as the group average
number of jumps per minute and as the total cumulative jumps
observed over the 10 min test period.
Thermal Nociceptive Tests: Hot Plate and Cold Plate
Hot plate response latencies were obtained at 48C, 50C, and
52C for each TRPM8 genotype. Testing was performed with at
least 30 min separating assessments at each of the three tem-
peratures. Cold plate response latencies were assessed at 0C
in a separate contingent of TRPM8/ and TRPM8+/+ mice as
described by Kim et al. (2005). Data was recorded as raw latencies
in seconds.
Thermal Preference Test
In order to determine whether the mice exhibited a preference when
given a choice of floor surface temperatures, two Hot/Cold Plate Anal-
gesia Meters (Columbus Instruments) were placed side-by-side such
that the adjacent thermal surfaces (20 cm 3 20 cm) were enclosed
in a single Plexiglas chamber (20 cm3 50 cm). The small gap between
plates was bridged by an inverted V-shaped piece of Plexiglas that
provided no barrier for transverse between plates. The surface temper-
ature of each plate could be controlled individually over the range
0C–55C. Voluntary movement of mice between plates when placed
individually in the chamber was recorded over 3 min by tallying the
cumulative time spent on each plate. The number of crossings was
also recorded as a measure of general exploratory behavior. Data is
expressed as the total time in seconds spent on each plate surface.
Inflammatory Model with Radiant Heat Hyperalgesia
and Acetone Cold Sensitivity
Intraplantar injection of CFA in rodents results in a long-lasting
inflammatory reaction, characterized by a pronounced hypersenstivitiy
to both thermal and mechanical stimuli. A 50 ml intraplantar injection
of CFA (Sigma, St. Louis; suspended in a 1:1 emulsion of saline
and heat-killed Mycobacterium tuberculosis in mineral oil) was
injected into the left hindpaw of TRPM8+/+ and TRPM8/ mice.
Radiant heat response latencies were obtained (IITC device) prior
to CFA injection and again on 1, 2, 3, 5, and 7 days post-CFA.
Stimulus intensity (AI = 25) and glass floor temperature (30C) were
set to produce baseline responses averaging 6–9 s. A positive
response was defined as an abrupt lifting of a single hindpaw with
the average response latency of three trials reported for each mouse.
Cut-off times were enforced to prevent possible tissue injury. Separate
groups of TRPM8+/+ and TRPM8/ mice were also assessed for the
development of CFA-induced cold sensitivity. Acetone (50 ml) was
lightly sprayed through wire mesh flooring onto the plantar surface ofthe left hindpaw to produce evaporative cooling. Licking duration
was recorded over 30 s for each of five acetone applications at
baseline prior to CFA injection and again on 1, 2, 3, 5, and 7 days
post-CFA.
Neuropathic Model with CCI
Peripheral mononeuropathy was induced by CCI of the sciatic nerve.
To accomplish this three loose ligatures (8-0 Prolene, Ethicon) were
surgically placed around the left sciatic nerve under inhalation
anesthesia as described by Sommer and Schafers (1998). Behavioral
endpoints, namely tactile and cold sensitivity, were assessed prior
to surgery and again at 3, 6, 9, 14, 21, and 28 days postlesion. Thresh-
old responses to a mechanical (tactile) stimulus were measured by
placing each subject in an elevated observation chamber having
a wire mesh floor whereupon the plantar surface of the ipsilateral hind-
paw could be stimulated with a graduated series of seven Von Frey fil-
aments (Stoelting), ranging from 0.03–2.04 g, using the up/down
method described by Chaplan et al., (1994). Cold sensitivity was as-
sessed by acetone evaporative cooling. Through the mesh floor a
series of five applications of acetone (50 ml; application separated by
at least 5min) were gently applied to the bottomof the pawusing amul-
tidose syringe device. Individual responses were scored on a 0–2
scale, wherein 0 = no response or a rapid transient lifting or shaking
of the hindpaw that subsides immediately; 1 = lifting, licking, and/or
shaking of the hindpaw, which continues beyond the initial application,
but subsides within 5 s; and 2 = protracted, repeated lifting, licking,
and/or shaking of the hindpaw. Individual scores are averaged over
the five applications. Alternatively, cumulative paw licking duration
was recorded over 60 s for each of three acetone applications, with
the average taken for each animal.
Paw Temperature Measurements
Simultaneous plantar skin surface and subcutaneous/intradermal
paw temperature measurements were obtained using a stationary in-
frared thermometer (Raytek RayngerMX) with input from a needle
microprobe thermocouple (Physitemp MT-29/3) inserted into the
plantar paw in isoflurane anesthetized mice. Readings were obtained
at a rate of 2/s and exported to spreadsheet files using DatatempMX
software (v2.2.34). Core body temperatures were monitored using
a rectal probe (Physitemp RET-3) connected to a digital thermome-
ter (Omega HH508). Plantar cooling induced by two topical
acetone applications (50 ml each), 5 min apart, was recorded in
the same paw prior to and 24 hr following CFA (50 ml) injection.
Paw temperatures were recorded by both methods prior to acetone
application each day to gauge the hyperthermia induced by CFA
inflammation.
Statistics
Two-way ANOVA was utilized for time course studies to
determine the interaction of genotype versus day of study.
Differences between TRPM8 genotypes on specific days were as-
sessed by post hoc Bonferroni testing when genotype was shown
to be a significant (p < 0.05) source of variation. A one-way ANOVA
was utilized to determine within-genotype differences by day of
study with individual comparisons made using a post hoc
Dunnett’s multiple comparisons test with significance set at p <
0.05. GraphPad Prism 4 software was utilized for statistical
analyses.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/3/379/DC1/.
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